Introduction {#sec1-1}
============

Skeletal muscles play a key role in the overall health and well-being\[[@ref1]\]. Many chronic diseases and conditions, such as cardiovascular heart diseases, diabetes, rheumatoid arthritis, cancer and various forms of muscular dystrophies are associated with muscle wasting\[[@ref2],[@ref3]\]. Fasting and caloric restriction improve metabolic health, but also lead to decrease in skeletal muscle mass\[[@ref4],[@ref5]\]. It would be beneficial to develop interventions that preserve muscle mass during fasting and other catabolic conditions that are associated with inadequate nutrition and/or low levels of physical activity\[[@ref1]\].

Myostatin belongs to transforming the growth factor β-superfamily and is a negative regulator of skeletal muscle growth and development\[[@ref6],[@ref7]\]. C57BL/6J mice with dysfunctional myostatin have enlarged skeletal muscles due to muscle fiber hypertrophy and/or hyperplasia\[[@ref6],[@ref8]\]. Consistently with an inhibitory effect, overexpression of myostatin causes a decrease in skeletal muscle mass\[[@ref9],[@ref10]\]. Myostatin signaling inhibits protein synthesis and promotes proteolysis\[[@ref11],[@ref12]\]. Myostatin inhibition helps to increase muscle mass and improve muscle function in *mdx* mouse, which is a popular model of Duchenne muscle dystrophy\[[@ref13]\]. These findings speak for potential of myostatin inhibition therapies. Some strategies including treatment with myostatin binding follistatin\[[@ref14]-[@ref16]\], myostatin antibodies\[[@ref13],[@ref17]\] and *Mstn* gene silencing with systemic siRNAs delivery\[[@ref16]\] have already shown promising results.

There are also undesirable consequences of myostatin inhibition. Myostatin dysfunction is associated with reduction in specific muscle force which is assessed as peak tetanic force normalized to muscle mass or cross-sectional area\[[@ref8],[@ref18]-[@ref20]\]. In some cases myostatin inhibition might lead to muscle hypertrophy without a corresponding improvement in muscle function\[[@ref21]\]. However, C57BL/6J mice lacking myostatin showed an increase in specific force of EDL after a period of caloric restriction\[[@ref22]\] as well as after endurance training\[[@ref22],[@ref23]\]. It was reported that myostatin dysfunction prevents loss of mass of tibialis anterior muscle after 48-h, but not after 24-h fasting\[[@ref24]\]. On the other hand, higher rates of skeletal muscle loss have been found in C57BL/6J mice lacking myostatin compared to the wild type controls after 24 h of fasting\[[@ref25]\] and after 5-week 40% caloric restriction\[[@ref22],[@ref25]\]. It appears that other models of myostatin dysfunction might be useful in resolving this controversy about effects of myostatin dysfunction on skeletal muscles during fasting.

A great majority of studies of myostatin dysfunction were carried out using C57BL/6J mouse strain. Studies of the other strains may be helpful for a better understanding of physiological effects of myostatin dysfunction. Berlin high mouse strain (BEH) presents such a model. BEH strain, with its counterpart Berlin low strain, BEL, were derived from heterogeneous population of mice in 1970s by selection for protein content and body weight at the age of 60 days\[[@ref26]\]. It was later discovered that BEH hypermuscularity is associated with a mutation in the myostatin gene, *Mstn*, in particular a 12bp deletion known as the compact allele\[[@ref27]\]. The BEH+/+ strain differs from BEH by 0.01% of genome, \~0.4 Mb region on chromosome 1 engulfing the *Mstn* gene\[[@ref28]\]. This region in BEH+/+ contains wild type *Mstn* which was introgressed from the BEL strain by marker-assisted selection for many generations\[[@ref7]\]. It is highly unlikely that any other genes than *Mstn* are involved in causing the hypermuscular phenotype of BEH strain compared to BEH+/+ strain. Interestingly, on the C57BL/6J background myostatin dysfunction induces both fiber hypertrophy and hyperplasia\[[@ref8]\], whereas on the BEH background it promotes fiber hypertrophy only\[[@ref28]\]. Thus, effects of myostatin dysfunction appear to be influenced by the genetic background.

The overall aim of our study was to test the hypothesis that myostatin dysfunction prevents loss of muscle mass and function during fasting. We compared physiological responses to 48-h food deprivation (FD) in Berlin high mouse strain with dysfunctional myostatin (BEH) and wild type myostatin (BEH+/+).

Methods {#sec1-2}
=======

[Animals and experiments]{.ul} {#sec2-1}
------------------------------

This study was carried out in accordance with the recommendations of the Lithuanian State Food and Veterinary Service which approved all the procedures and interventions concerning mice (Ref. \# 0223 for 2012 and Ref. \# 10 for 2014). 18-week old males of BEH+/+ (n=45) and BEH (n=37) strains of mice were studied. BEH mice are homozygous for MstnCmpt-dl1Abc (Compact; Cmpt) mutation which is associated with myostatin dysfunction\[[@ref7],[@ref27]-[@ref29]\]. BEH+/+ mice with the wild type myostatin were generated by crossing BEH mice with the Berlin Low (BEL) strain and then repeatedly backcrossing the offspring to BEH using marker assisted selection for the functional myostatin\[[@ref7],[@ref28]\]. The breeding pairs of the BEH and BEH+/+ were a generous gift of prof. Lutz Bünger (Scotland's Rural College, UK). Before experiments mice were bred and housed in the animal facilities of Lithuanian Sports University. They were kept in standard cages (cage dimensions: 267 x 207 x 140 mm) at a temperature of 20-21°C and 40-60% humidity with the normal 12/12-h light/dark cycle reversed. Animals were fed standard chow diet (56.7 kcal% carbohydrate, 29.8 kcal% protein, 13.4 kcal% fat; LabDiet 5001, USA) and received tap water *ad libitum*.

[Fasting]{.ul} {#sec2-2}
--------------

Mice were subdivided into the control (CON) groups for BEH+/+ (n=18) and BEH (n=14) strains and food deprivation (FD) groups for BEH+/+ (n=27) and BEH (n=23) strains, respectively. The CON mice were provided with *ad libitum* access to food and water. The FD mouse had *ad libitum* access to water, but did not receive any food. Mice were weighed at 0 h, 24 h and 48 h of the intervention (Kern 440-45N, Germany). Food intake for the CON mice was determined individually over 48 h period by subtracting the weight of all remaining food in the cage from the weight of food provided initially. At the end of the intervention mice were sacrificed by the exposure to CO~2~. Immediately afterwards, as in our previous study\[[@ref30]\], the heart and the skeletal muscles of the randomly selected hindlimb including gastrocnemius (GAS), plantaris (PL), soleus (SOL), tibialis anterior (TA) and extensor digitorum longus (EDL) were dissected and weighed with a precision of 0.1 mg (Kern, ABS 80-4, Germany). Before weighing the muscles were freed from all visible tendons and blotted dry rapidly on filter paper. The combined mass of all five muscles was used as index of muscle mass in comparison of mouse strains and assessment of effects of food deprivation in the studied mice. These muscles were not subjected to any exercise. The muscles of the contralateral leg were used for assessment of muscle force generating capacity. Liver and fat from four different sites were also removed and weighed. The combined fat mass was assessed and included the posterior subcutaneous fat (SF), gonadal fat (GF), visceral fat (VF) including mesenteric and perirenal fat, and interscapular fat (IF).

[Muscle force generating capacity]{.ul} {#sec2-3}
---------------------------------------

Contractility of soleus (SOL) and extensor digitorum longus (EDL) muscles (n=10 in each group) was examined as in our previous studies\[[@ref21],[@ref30]\]. After sacrifice SOL and EDL muscles were excised with 5-0 silk suture tied securely to the proximal and distal tendons and placed in 100 ml Radnoti tissue bath filled with the Tyrode solution (121 mM NaCl, 5 mM KCl, 0.5 mM MgCl~2~, 1.8 mM CaCl~2~, 0.4 mM NaH~2~PO~4~, 0.1 mM NaEDTA, 24 mM NaHCO~3~, 5.5 mM glucose) that was bubbled with a gas mixture of 95% O~2~ and 5% CO~2~ at pH 7.4. The bath was maintained at room temperature of \~21-23°C during all experiments. The contractile properties of the muscles were assessed one after another, while SOL was examined, EDL was kept intact in Tyrode solution. The pilot experiments showed that this additional time in queuing does not affect muscle force generating capacity. For these measurements the muscle was suspended vertically between two platinum plate electrodes in the bath with the proximal tendon attached securely to the lever arm of muscle test system (1200A-LR Muscle Test System, Aurora Scientific Inc., Canada) and distal tendon to a stable iron hook. Optimal length of the muscle (L~0~) was assessed by twitch contractions. This procedure was continued until twitch force did not increase with the increase in muscle length. The muscle was then photographed with the length scale in the background to assess muscle length with a precision of 0.1 mm. The muscle was kept at this optimal length during the assessment of contractile properties. The muscle was subjected to 300-ms (EDL) and 900-ms (SOL) trains of stimuli at 20, 50, 80, 100, 150 and 200 Hz for assessment of peak tetanic force from a force-frequency curve. Specific tetanic force was calculated as peak tetanic force divided by muscle physiological cross-sectional area (PCSA) which estimated by dividing muscle wet mass by the product of fiber length (L~f~) and the skeletal muscle density (1.06 g/cm\[[@ref3]\]) assuming L~f~ to L~0~ ratios of 0.45 and 0.70 for EDL and SOL, respectively\[[@ref31]\].

[Energy expenditure and physical activity]{.ul} {#sec2-4}
-----------------------------------------------

BEH+/+ (n=9) and BEH (n=9) mice were studied using Panlab metabolism system (Physiocage 00, Panlab Harvard Apparatus, Spain). Assessment of energy expenditure (EE) and respiration exchange ratio (RER) of freely moving mice was performed using the metabolic cage of standard size. The cage was connected to the gas analyzer (LE405, Panlab Harvard Apparatus, Spain) and the switching device (LE400, Panlab Harvard Apparatus, Spain) for the control of the air flow. Air flow rate was set to 250 ml min^-1^ and the switching time of 3 min, which refers to a transition time between measurements O~2~ and CO~2~ concentrations in the metabolic cage and the external environment. Physical activity of mice was assessed using strain gauges mounted on the supporting constructions of the metabolic cage. Any movement of mice will start with the application of ground reaction force which will be recorded and provide an indirect measure of physical activity of mice. The gas analyzer LE405 was calibrated at the high point (50% O~2~, 1.5% CO~2~) and at the low point (20% O~2~, 0% CO~2~) prior to the experiment. All the metabolic measurements on mice were performed at light cycle (from 9:00 a.m. to 18:00 p.m.). Each mouse was weighed (Kern, ABS 80-4, Germany) and transferred into metabolic cage for 3-h assessment of EE under the free moving condition. Afterwards the mouse was weighed again and transferred into a separate cage for 48 h with *ad libitum* access to water without food. Then the mouse was weighed once more and 3-h assessment of EE was repeated. At the end of experiment, the mouse was weighed for the last time and sacrificed as explained previously. The EE (kcal day^-1^) was calculated as the average values of the last 2 of 3 h metabolic measurements\[[@ref32]\].

[CS enzyme activity]{.ul} {#sec2-5}
-------------------------

Citrate synthase (CS) enzyme activity was assessed as previously described\[[@ref30],[@ref33]\]. From 40 to 70 mg samples of the gastrocnemius muscle (n=8 in each group) were homogenized in ice-cold lysis buffer (50 mM Tris-HCl, 100 mM KHPO~4~, 2 mM ethylenediaminetetraacetic acid (EDTA), 0.2% wt/vol bovine serum albumin, pH was adjusted to 7.0) in frozen liquid nitrogen. Then, the homogenates were defrosted by shaking for 60 min and centrifuged at 13,000 g for 10 min at 4°C for extraction of soluble proteins. The Bradford reagent (B6916, Merck, Germany) was used for assessment of protein concentration of supernatants. Measurements of CS activity were carried out using CS reaction reagent (100 mM triethanolamine-HCl, 100 µM dithionitrobenzoic acid (DTNB), 0.5 mM Triton-X (0.25% vol/vol), 0.5 mM oxaloacetate, 0.31 mM acetyl CoA, pH 8.0) and spectrophotometer (T60 UV, PG Instruments Limited, UK) at room temperature of 21°C. 10 µL of supernatant was added to start the reaction in 1000 µL. The CS from a porcine heart was used as a standard (C3260, Merck, Germany) for assay calibration. The wavelength of 412 nm and molar extinction coefficient of 13,600 M^-1^ cm^-1^ were used to assess the maximum CS activity (V~max~) during the first 2 min of the reaction.

[Muscle fiber type composition]{.ul} {#sec2-6}
------------------------------------

Fiber type composition and fiber size of soleus muscle (SOL) was determined using similar methods as in our previous study\[[@ref34]\]. The transverse sections from the belly of the muscle were cut at a thickness of 10 µm with a cryotome (Leica CM1850UV) at -20°C. The staining for myosin ATPase was performed after pre-incubation at pH of 4.34\[[@ref35]\]. ImageJ software (NIH - version 1.43) was used in analysis of microscopic images of the cross sections which were taken with four times magnification. The typical images for BEH+/+ and BEH mice in CON and FD groups are shown in \[[Figure 1](#F1){ref-type="fig"}\]. Total fiber number for type 1 and 2 fibers was counted. Afterwards, the average fiber cross sectional area was assessed using data from 25% of randomly selected fibers.

![Typical images of mouse soleus muscle (SOL) cross section stained for ATPase activity. Images were obtained from the muscles of BEH+/+ (A, B) and BEH (C, D) strains in the control (CON) and food deprivation (FD) groups for analysis of muscle fiber type composition. Type 1 fibers are darkly stained.](JMNI-19-342-g001){#F1}

[Statistical analysis]{.ul} {#sec2-7}
---------------------------

Statistical analysis was performed using Prism 7.0 and IBM SPSS Statistics (v20) software. Two-way and/or three-way ANOVA with Bonferroni's post hoc test was used to assess differences between the strains (BEH and BEH+/+) and between conditions (CON and after FD). Covariance analysis with body mass as a covariate was used to compare energy expenditure (EE) between mouse strains. Student's t-test was used when assessing differences between BEH and BEH+/+ strains in food intake. The level of significance was set at *P*\<0.05. All data are presented as means ± SD.

Results {#sec1-3}
=======

[Body composition]{.ul} {#sec2-8}
-----------------------

The \[[Figure 2](#F2){ref-type="fig"}\] shows the morphometric data for BEH+/+ and BEH strains in the control group (CON) and after 48-h food deprivation (FD). BEH mice were heavier, had greater hindlimb muscle mass, but less fat than BEH+/+ mice when fed *ad libitum* ([Figure 2A, C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). Neither heart nor liver mass differed significantly between these two mouse strains under these conditions ([Figure 2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}). FD lead to a gradual decrease in body mass ([Figure 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}). This decrease was faster in BEH+/++ than BEH strain during the first 24 h, but there was no difference between the strains in the relative weight loss after 48 h of FD. Both strains experienced a relatively small (\~6%) decrease in the combined hindlimb muscle mass ([Figure 2C](#F2){ref-type="fig"}) and a large (\>30%) depletion of fat reserves ([Figure 2D](#F2){ref-type="fig"}). BEH+/+ and BEH strains also experienced a modest (\~9%) heart mass loss and a substantial (\~30%) liver wasting ([Figure 2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}).

![The morphometric data for BEH+/+ and BEH strains including body mass (A, B) during 48-h food deprivation as well as the combined hindlimb muscle mass (C), the combined fat mass (D), heart mass (E) and liver mass (F) in the control (CON) and food deprivation (FD) groups. The combined muscle mass is the sum of masses of gastrocnemius (GAS), tibialis anterior (TA) plantaris (PL), extensor digitorum longus (EDL) and soleus (SOL) muscles. The combined fat mass includes the subcutaneous fat (SF), gonadal fat (GF), visceral fat (VF) and interscapular fat (IF). Data are shown as mean ± SD; A and B, n=27 for BEH+/+, n=23 for BEH; C, n=18 in CON, n=27 in FD for BEH+/+; n=14 in CON, n=23 in FD for BEH; D and F, n=8 in each group for BEH+/+, n=4 in each group for BEH; E, n=10 in all the groups. †† *P*\<0.01, ††† *P*\<0.001, two-way ANOVA for effects of strain (S), food deprivation (FD) and S x FD interaction, respectively; \*\*\* *P*\<0.001, post-hoc testing for differences from the initial value (0 h); \#\# *P*\<0.01, \#\# *P*\<0.001 differences between the strains, respectively.](JMNI-19-342-g002){#F2}

[Isolated skeletal muscle mass]{.ul} {#sec2-9}
------------------------------------

Data on isolated skeletal muscle mass is presented in \[[Figure 3](#F3){ref-type="fig"}\]. Three-way ANOVA showed effects of muscle (*P*\<0.001), strain (*P*\<0.001) and FD (*P*\<0.01) on muscle mass. There were also interactions of muscle x strain (*P*\<0.001), muscle x FD (*P*\<0.001), FD x strain (*P*\<0.05), muscle x FD x strain (*P*\<0.05). Muscle mass was greater in BEH compared to BEH+/+ strain, as BEH to BEH+/+ muscle mass ratio was 1.6 for SOL, 1.8 for TA, 2.0 for EDL, 2.0 for GAS and 2.4 for PL. The two-way ANOVA showed significant interactions between effects of FD and strain on GAS, TA and PL as these muscles showed decline in BEH, but not in BEH+/+ mice ([Figure 3A, B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). EDL and SOL wasting did not differ significantly between the strains ([Figure 3D](#F3){ref-type="fig"} and [E](#F3){ref-type="fig"}).

![Mass of specific hindlimb muscles of BEH+/+ and BEH strains in the control group (CON) and after 48-h food deprivation (FD). Abbreviations: GAS, gastrocnemius muscle; TA, tibialis anterior muscle; PL, plantaris muscle; EDL, extensor digitorum longus muscle; SOL, soleus muscle. Data are presented as mean ± SD; n=18 in CON, n=27 in FD for BEH+/+ strain and n=14 in CON, n=23 in FD for BEH strain, respectively. † *P*\<0.05, †† *P*\<0.01, ††† *P*\<0.001, two-way ANOVA for effects of strain (S), food deprivation (FD) and S x FD interaction, respectively; \* *P*\<0.05, \*\*\* *P*\<0.001 CON versus FD, respectively.](JMNI-19-342-g003){#F3}

[Fat distribution]{.ul} {#sec2-10}
-----------------------

Data on fat from four different sampling sites is presented in \[[Figure 4](#F4){ref-type="fig"}\]. Three-way ANOVA showed significant effect of sampling site (*P*\<0.001), strain (*P*\<0.001) and FD (*P*\<0.01) with interactions of sampling site x strain (*P*\<0.001), sampling site x FD (*P*\<0.001), FD x strain (*P*\<0.05). Fat mass was larger in BEH+/+ mice compared to BEH mice and FD induced loss of fat at all sampling sites. This FD induced fat depletion tended to be greater for VF and IF compared to SF and GF.

![Fat mass at four different sampling sites is shown for BEH+/+ and BEH strain in the control group (CON) and after 48-h food deprivation (FD). Abbreviations: SF, subcutaneous fat; GF, gonadal fat; VF, visceral fat; IF, interscapular fat. Data are presented as mean ± SD; n=8 for BEH+/+ strain and n=4 for BEH strain, respectively. † *P*\<0.05, †† *P*\<0.01, ††† *P*\<0.001, two-way ANOVA for effects of strain (S), food deprivation (FD) and S x FD interaction, respectively.](JMNI-19-342-g004){#F4}

[Fiber type composition]{.ul} {#sec2-11}
-----------------------------

Data on muscle fiber properties of SOL muscle is presented in \[[Figure 5](#F5){ref-type="fig"}\]. BEH+/+ and BEH mice did not differ in the total fiber number which was not affected by FD. BEH+/+ mice had greater percentage of type 1 fibers than BEH mice. FD did not affect muscle fiber type composition. Three-way ANOVA did not show any significant effect of fiber type, strain or FD on muscle fiber cross-sectional area. The FD effect was just below the significance level (*P*=0.065) in this analysis. For CON group, however, two-way ANOVA showed a significant strain effect (*P*=0.036) but no fiber type effect as cross-sectional area of type 1 and 2 fibers was larger by 15% and 19% in BEH mice compared to BEH+/+ mice, respectively.

![Total number of muscle fibres (A), muscle fiber type composition (B) and cross sectional area for type 1 (C) and type 2 (D) fibers in control (CON) mice as well as in mice after 48-h of food deprivation (FD) for BEH+/+ and BEH strains, respectively. Numbers of samples analyzed; 8 for BEH+/+ and 4 for BEH. Data are shown as mean ± SD. ††† *P*\<0.001, two-way ANOVA for strain (S) effects.](JMNI-19-342-g005){#F5}

[Muscle force output]{.ul} {#sec2-12}
--------------------------

Force generating capacity of SOL and EDL is shown in \[[Figure 6](#F6){ref-type="fig"}\]. Three-way ANOVA showed significant effects of muscle (*P*\<0.001), strain (*P*\<0.001) and FD (*P*\<0.001) on peak force. There was also a significant interaction of muscle x strain (*P*\<0.001), muscle x FD (*P*\<0.001) and strain x FD (*P*\<0.05). SOL generated more force than EDL, and both muscles were stronger in BEH strain than BEH+/+ mice. FD induced a decrease in the peak force and this decline was greater in SOL than EDL. For SOL, the decrease in peak force was greater for BEH than BEH+/+ strain.

![Force generating capacity of soleus (SOL) and extensor digitorum longus (EDL) muscles in BEH+/+ and BEH mice under the control conditions (CON) of *ad libitum* feeding and after 48 h food deprivation (FD). Peak force (A and B) and specific force (C and D) are shown as mean ± SD; n=10 in each group, except for SOL of BEH in CON group n=9. † *P*\<0.05, †† *P*\<0.01, ††† *P*\<0.001, two-way ANOVA for effects of strain (S), food deprivation (FD) and S x FD interaction, respectively.](JMNI-19-342-g006){#F6}

Three-way ANOVA also showed significant effects of muscle (*P*\<0.001), strain (*P*\<0.001) and FD (*P*\<0.001) on specific muscle force with significant interactions of muscle x strain (*P*\<0.05), muscle x FD (*P*\<0.001). Specific muscle force was greater in EDL than SOL and muscles of BEH+/+ mice performed better compared to BEH mice. SOL showed larger FD induced decline than EDL. BEH mice tended to show smaller changes in specific force of EDL than BEH+/+ though this difference was not significant.

[Metabolism and physical activity]{.ul} {#sec2-13}
---------------------------------------

Metabolic characteristics and physical activity of mice are presented in \[[Figure 7](#F7){ref-type="fig"}\]. Food intake did not differ between BEH+/+ and BEH strains. Energy expenditure (EE) was greater in BEH compared to BEH+/+ mice, but the covariance analysis using body mass as a covariate did not show any significant difference between the strains. FD induced a decrease in EE of both stains. RQ as well as physical activity did not differ between the strains and decreased after FD. CS enzyme activity of GAS muscle was lower in BEH mice compared to BEH+/+ mice and the negative effect of FD was below the significance level (P=0.086).

![Food intake (A), energy expenditure (B), respiratory quotient (RQ) (C), physical activity (D) and citrate synthase (CS) activity (E) in BEH+/+ and BEH mice under the control conditions (CON) of *ad libitum* feeding and after 48 h food deprivation (FD). Data are shown as mean ± SD, n=9 in each group for A, B, C, D and n=8 in E. † *P*\<0.05, ††† *P*\<0.001, two-way ANOVA for effects of strain (S), food deprivation (FD) and S x FD interaction, respectively.](JMNI-19-342-g007){#F7}

Discussion {#sec1-4}
==========

The main aim of the study was to test the hypothesis that myostatin dysfunction protects against muscle atrophy during fasting. Our results do not support this hypothesis. On the contrary, after 48-h food deprivation BEH mice with myostatin dysfunction were affected by greater decrease in GAS, TA and PL mass compared to BEH+/+ mice which carry the wild type myostatin. In general, skeletal muscles and heart showed relatively small mass loss compared to liver and fat reserves. On the other hand, 48-h food deprivation induced a large decrease in specific SOL force in both mouse strains. EDL also showed a decrease in specific force, but this decline tended to be somewhat smaller in BEH compared to BEH+/+ strain. Our results show that changes in muscle mass cannot be used in assessment of functional impairments of skeletal muscles during fasting.

Comparison of muscle mass between BEH and BEH+/+ mice suggests that myostatin dysfunction lead to greater hypertrophy of EDL, PL and GAS than SOL. Similar findings were reported for C57BL/6 mice null for the *Mstn* gene\[[@ref35]\]. It is believed that these differences between skeletal muscles are due to fiber type composition as density of myostatin receptors is greater in type 2 fibers than type 1 fibers in C57BL/6 mice\[[@ref8]\]. Myostatin promotes proteolysis in slow-twitch muscle fibers of SOL while it interferes with both protein synthesis and proteolysis in fast-twitch fibers of EDL\[[@ref36]\]. EDL, PL and GAS have greater proportions of type 2 fibers compared to SOL\[[@ref8],[@ref19],[@ref37]\]. However, type 1 and type 2 fiber showed similar enlargement in BEH compared to BEH+/+ mice and differences in fiber type composition could not account for differences in SOL mass between these two strains. It is likely that other factors modulate effects of myostatin dysfunction on muscle fibers. This is supported by findings on the heart muscle. There was no difference in heart mass between BEH and BEH+/+ mice though myostatin suppresses protein synthesis and promotes proteolysis in cardiomyocytes\[[@ref36]\].

Mice were fasted as in other studies of myostatin dysfunction\[[@ref24],[@ref25]\]. After 48-h food deprivation there was \~17% decrease in body weight of BEH+/+ and BEH mice. Allen et al.\[[@ref24]\] reported 25-28% decrease in body mass of C57BL/6J mice which have two fold smaller body mass than BEH mice. Body mass normalized metabolic rate decreases with increase in body mass of mammals\[[@ref38]\]. Obese women weighing approximately 80 kg lost only 2.5% of body mass after 48-h fasting\[[@ref39]\]. Our measurements of energy expenditure suggest that BEH mice expend at least 6 times more energy per unit of body mass than humans\[[@ref40]\]. Differences in weight loss between mice and humans suggest that metabolic rate is a key factor in fasting-induced weight loss.

Skeletal muscle and heart mass decreased by less than 10% while there was 30-40% liver wasting and considerable loss of body fat after 48-h food deprivation. Liver wasting is probably due to depletion of glycogen\[[@ref41]\] and protein loss which is associated with reduced metabolic requirements in fasted animals\[[@ref42]\]. RQ fell from 0.82 to 0.72 over the 48-h period fasting in both mouse strains suggesting that fat was the major source of energy during fasting. As in C57BL/6 mice, BEH mice with myostatin dysfunction had less body fat than BEH+/+ mice when fed *ad libitum*\[[@ref7],[@ref43],[@ref44]\]. Low body fat is probably of major importance for greater muscle wasting in BEH compared to BEH+/+ mice. In contrast to this line of reasoning, Allen et al.\[[@ref24]\] reported greater resistance to atrophy in TA of C57BL/6 mice null for myostatin compared to the wild type controls after 48-h fasting. Only 4 or 5 animals per group were used by Allen et al.\[[@ref24]\] who presented data for SOL and TA only. Small sample size can lead to aberrant results as mice of the same strain can vary in body and muscle mass. We analyzed at least 14 muscles in each experimental group in order to minimize unpredictable effects of variations in muscle mass between mice. This helped to provide robust evidence about differences in muscle atrophy between BEH and BEH+/+ strains.

Differences in metabolism between C57BL/6 and BEH mice might also affect degree of muscle atrophy. BEH and BEH+/+strains did not differ in RQ while C57BL/6 mice null for myostatin show greater RQ compared to the wild type controls\[[@ref43],[@ref45]\]. Thus myostatin dysfunction is associated with a significant shift from fat to carbohydrate oxidation in C57BL/6 strain, but not in BEH mice. This shift is expected to promote gluconeogenesis from amino acids and increase loss of muscle mass in C57BL/6 mice null for myostatin compared to the wild type controls. This would provide another line of evidence contradicting findings of Allen et al.\[[@ref24]\]. Unfortunately, no RQ data is available for C57BL/6 mice null for myostatin during food deprivation to support our contention. Nevertheless, our data provides another line of evidence that genetic background is of importance in mediating physiological effects of myostatin dysfunction on the whole body metabolism in addition to skeletal muscle properties\[[@ref28]\].

48-h fasting led to a decrease in energy expenditure in both BEH and BEH+/+ strains. Decreases in physical activity, diet induced thermogenesis as well as alteration in hormone profile could be of significance under these conditions\[[@ref46]-[@ref48]\]. The observed decrease in physical activity is in contrast to feeding anticipatory behavior which increases physical activity in mice subjected to 30% caloric restriction\[[@ref49]\]. We have also noted a significant reduction in interscapular fat which is dominated by a brown fat\[[@ref50]\]. This reduction might also play a role in lower heat production and reduction in energy expenditure of the fasted mice\[[@ref50]\].

Fasting induced a large decrease in specific SOL force in both strains. We could not find any other study reporting such a decrease in specific SOL force after fasting as studies of C57BL/6 mice focused primarily on EDL\[[@ref25],[@ref34]\]. SOL shows high involvement in postural activities and locomotion and its impairment could have significant functional implications\[[@ref51]\]. Hypothetically, changes in muscle fiber type composition might affect specific force of skeletal muscles as type 1 fibers have lower specific force than type 2 fibers\[[@ref52]\]. Caloric restriction leads to a greater decrease in the cross sectional area of type 2 fibers compared to type 1 fibers\[[@ref53]\]. However, areas of both type 1 and type 2 fibers tended to decrease in BEH mice while BEH+/+ did not show a significant decline in fiber sizes after 48-h food deprivation. Thus, relative muscle cross-sectional area occupied by type 1 did not increase and could not be responsible for a decline in specific SOL force. Fasting did not have a significant effect on CS activity which was lower in the gastrocnemius of BEH mice compared to BEH+/+ mice. CS is a popular marker of mitochondrial content in mice and humans\[[@ref54],[@ref55]\]. Thus, it is unlikely that the decline in specific muscle force was due to impaired capacity for aerobic ATP resynthesis. Glycogen depletion could potentially interfere with excitation contraction coupling of SOL and cause force loss\[[@ref56]\]. Detailed studies of excitation contraction coupling and force generation by contractile filaments are needed to explore mechanisms for a decline in specific SOL force after fasting. This was beyond the scope of the current investigation.

The comparison of changes in specific EDL force between BEH and BEH+/+ mice suggests that myostatin dysfunction tended to reduce the fall in specific EDL force in BEH mice. This is largely in agreement with findings of Collins-Hooper et al.\[[@ref25]\] who reported improvement in specific force of EDL from C57BL/6 mice after 24-h fasting which was associated with a decrease in accumulation of non-contractile proteins in fast twitch muscle fibers of these mice null for the *Mstn* gene. Increases in specific EDL force in C57BL/6 mice null for the *Mstn* gene were also reported after 40% CR and endurance training\[[@ref22],[@ref23]\]. We observed significantly less pronounced effects of 48-h food deprivation on EDL of BEH mice compared to the findings on C57BL/6 mice null for the *Mstn* gene\[[@ref22],[@ref23]\]. Thus, effects of myostatin dysfunction on muscle specific force also depend on the strain background.

There were no differences between strains in the heart mass loss after 48 h food deprivation. Fasting-induced impairment in heart function is a serious health risk during prolonged fasting\[[@ref57]\]. This decline could be associated with the decrease in physical activity and it would be important to ascertain what levels of physical activity are required to prevent a decline in heart function during fasting, but this is beyond the scope of the current study.

Fasting is associated with upregulation of proteolytic and autophagy programs in skeletal muscles\[[@ref25]\]. Lack of data on molecular mechanisms contributing to muscle atrophy might be considered as a limitation of the current study. On the other hand, extent of muscle wasting and differences between BEH and BEH+/+ strains were rather small and varied significantly between the muscles. It appears that muscle cell cultures with strict control of experimental conditions are better suited for studies of molecular mechanisms of myostatin effects\[[@ref36]\].

In summary, our results show that myostatin dysfunction does not protect from skeletal muscle wasting during fasting. The 48-h food deprivation is associated with a significant decrease in physical activity and energy expenditure of mice. It is also associated with a decrease in fat reserves and pronounced liver wasting. Food deprivation leads to a marked decline in specific SOL force. The decline of specific EDL force was relatively small especially in BEH mice with myostatin dysfunction. It appears that myostatin dysfunction is associated with accumulation of excessive amounts of protein in skeletal muscles and FD induces less severe functional impairments in the fast-twitch muscles of BEH mice compared to BEH mice with functional myostatin.
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